This paper proposes a nonlinear dynamic model of magnetic components for use in circuit simulators. It includes the material's nonlinear hysteresis behavior with accurate modeling of winding and core losses in addition to thermal effects that are not considered by existing models. The model is based on the principle of separation of static and dynamic contributions as well as Bertotti's theory. Very high speed integrated circuits hardware description language-analog and mixed signals is used as a modeling language due to its multi-domain modeling feature, allowing coupling with a thermal model. The thermal model is represented by a temperature source for static thermal conditions or by an equivalent thermal circuit for self-heating conditions. The magnetic component model is implemented in circuit simulation software SIMPLORER and validated by modeling a nanocrystalline-core inductor. The effects of frequency, temperature, and waveform are studied.
I. INTRODUCTION
V IRTUAL prototyping is essential in the development of new power electronics devices such as transformers and static power converters. Circuit simulators, such as SPICE or SIMPLORER, allow the optimization of complex circuit prototypes by associating models of passive and active components. Magnetic components constitute a major part of electronic devices [1] , therefore accurate modeling of magnetic materials is mandatory to predict their realistic behavior under variable operating conditions. Nonlinear characteristics of magnetic materials and both dynamic and thermal effects have a nonnegligible influence on a device's performance and must be considered in circuit simulations [2] - [4] .
In the aim of systems accurate modeling and design, individual components models exist for use in circuit simulators [2] . Concerning magnetic components modeling, models for magnetic materials such as Jiles-Atherton [5] and Preisach [6] are proposed and implemented in many simulators. Nevertheless, these material models are limited to static behavior where dynamic effects are either neglected or not well considered. Furthermore, temperature induces major changes in component's behavior and is not considered in these predefined software magnetic models [7] , [8] .
Our work takes place in this context by proposing a nonlinear dynamic model of magnetic components for use in circuit simulators. It includes the material nonlinear hysteresis and dynamic behaviors with accurate modeling of winding and core losses. This model is not limited to static magnetic behavior neither to sinusoidal waveforms as in [2] .
Moreover, thermal effects are considered by coupling the magnetic model with a thermal one. The full model is described using very high speed integrated circuits hardware description language-analog and mixed signals (VHDL-AMS) [9] and implemented in the circuit simulator SIMPLORER. This model is then validated for a nanocrystalline-core inductor for a wide temperature range and different operating frequencies.
II. MAGNETIC COMPONENT MODEL In the interest of precision and to be adaptable for different types of magnetic materials, the magnetic component model adopts a structural modeling approach. As a consequence, the model consists of three major blocks, as shown in Fig. 1 : a winding allowing the coupling between electrical and magnetic domains using Ampere's and Faraday's laws, a static model to describe the static hysteresis behavior of the magnetic material, and a dynamic model to add classical and excess losses in the core. VHDL-AMS language is chosen to describe each block behavior due to its multi-domain modeling feature and since it is supported by several circuit simulators. The result is a complete magnetic component model including electrical, magnetic, and thermal domains.
The thermal model consists either of a simple temperature source for modeling component's behavior under different operating temperatures or of an equivalent thermal circuit (including thermal resistances and capacitances) for modeling the dynamic self-heating of the magnetic component.
Different static and dynamic models can be used to describe the behavior of magnetic material. The choice of the model depends on three main criteria: the material characteristics, the application, and simulation factors such as ease of implementation, accuracy, and speed of simulation. The static and dynamic models chosen and their coupling with thermal model are discussed in the following sections.
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A. Static Magnetic Modeling
The choice of static model depends mostly on the materials static hysteresis behavior, hence static B-H measurements are mandatory to predict an appropriate static model. To study the temperature influence on the static behavior of the material, these measurements are carried out for a wide range of temperatures.
1) Static Measurements:
Measurements are performed on a test transformer consisting of primary and secondary coils wound on a nanocrystalline toroid core (Nanophy N14E1 provided by Mecagis) having a 10 mm inner diameter, a 12.5 mm outer diameter, and a 5 mm height. This material has a high saturation induction (1.25 T), a low coercive field (0.5 A/m), and a relative permeability of 30 000.
A sinusoidal current is applied to the primary winding, to create a magnetic field H and the flux density is obtained from the secondary voltage measured under temperatures between 25°C and 275°C. Measurement results are shown in Fig. 2 .
We notice that the static coercive field increases with the temperature, but remains relatively low. This phenomenon is usually observed in nanocrystalline materials [8] . Temperature increase causes a decrease of both saturation flux density and permeability.
2) Static Magnetic Law: The magnetic material used has a very thin static hysteresis loop (coercive field 0.5 A/m) and a piecewise linear behavior. Due to these characteristics, the physical model of Jiles-Atherton, well known and widely used in circuit simulators, does not apply. To describe the linear static behavior of the material, a mathematical model based on a piecewise polynomial function of order n is used. This model is reversible and limited to materials with low coercivity [10] .
This static law is defined by different temperature-dependent parameters. The number of these parameters, accuracy, and computation time are directly related to the order n. For this material, a polynomial of order five is sufficient.
3) Static Parameters Identification: The parameters of the static model are identified from the static measurements using mathematical fitting and their evolution as function of temperature is studied in [10] . Since the trend of variation of these parameters is monotonic, a linear approximation can express this variation as function of temperature. This linear function is implemented in the model to calculate each parameter at any temperature. 
B. Dynamic Modeling
Dynamic behavior is investigated by the proper choice of dynamic model, whose parameters are extracted from dynamic measurements. Since magnetic diffusion is not considered, our dynamic modeling is applicable under a condition of negligible skin effect. Considering geometrical and electrical properties of the core sample (ribbon thickness: 20 µm and resistivity: 1.15 µ ·m), this condition is respected up to 100 kHz. Measurements are performed on the same test transformer for the same temperature range and for different frequencies up to 40 kHz.
1) Dynamic Measurement:
The aim of these measurements is to study the dynamic losses arising in the material due to relatively high frequency applied field as well as the influence of temperature on these losses. Fig. 3 shows measured B-H loops under a 10 kHz sinusoidal applied field for different temperatures, whereas Fig. 4 shows measured B-H loops under 10, 20, and 40 kHz sinusoidal applied fields at a constant temperature of 25°C.
The effects of temperature on dynamic B-H loops are similar to those observed on static loops. Saturation flux density and permeability decrease with temperature increase; however, coercive field remains constant. The effects of frequency are summarized by the B-H loop enlargement with the frequency increase. These measurements are used to extract parameters of the dynamic model herein presented.
2) Dynamic Model: The dynamic model is based on the principle of separation of losses into static and dynamic contributions, as well as Bertotti's theory [11] assuming that the dynamic loss is the sum of both classical and excess losses. The differential equation (1) illustrates the magnetic component behavior, where the total magnetic field H total is the sum of static field due to hysteresis H s and dynamic fields due to eddy currents H edd and wall motion effects H exc
where γ , α, and δ are the eddy current, the wall motion, and the sign coefficients, respectively, presented as follows:
where V 0 is a characteristic field, G is a dimensionless coefficient, S is the magnetic cross section, d is the ribbon thickness, and σ is the conductivity of the material. The extraction of γ and α and their variation as function of temperature are explained in the following section.
3) Dynamic Parameters Identification:
The dynamic parameters variation as function of temperature must be studied to associate thermal effects to the model. Since γ depends only on the material's conductivity and ribbon thickness, it is directly calculated from the electrical conductivity measurements using a four-point probes method [12] . The other parameter α is extracted from mathematical fitting of (1) to the measured B-H loop at 10 kHz. It is calculated to have the same measured and simulated B-H loops at each temperature. The results are shown in Fig. 5 showing normalized values of both dynamic parameters.
Linear polynomial approximations of the dynamic parameters variation as a function of temperature is implemented in the model. Even if alpha variation is not perfectly linear, using such approximation leads to a maximum error of 5% in loss calculation (at 200°C). For higher precision, a higher degree polynomial could be used.
C. Thermal Modeling
Modeling the magnetic component's behavior under static thermal condition consists of connecting a temperature source to each block in the magnetic model corresponding to the core temperature imposed during short-time measurements. On the other hand, in self-heating, a thermal model represented by an equivalent thermal circuit shown in Fig. 6 is considered. This circuit corresponds to an inductance with the same nanocrystalline core previously characterized.
Coupling between magnetic and thermal models exists. Core losses (P c ) are estimated in the magnetic model by integrating the total magnetic field over the flux density. Winding losses (P w ) are calculated using Joule's law. These losses are injected to the heat flow sources P c and P w of the thermal model to calculate core and winding temperatures, which are in turn injected to the magnetic model. This feedback allows considering temperature effects on the magnetic component behavior. The ambient temperature is represented by a temperature source T a corresponding to room temperature. Thermal capacitances CTH1 and CTH2 represent the heat energy stored in both core and winding, respectively. The thermal resistances RTH1, RTH2, and RTH3 correspond to heat transfer between core-winding, winding-ambient, and core-ambient, respectively.
To identify the thermal model parameters, the inductor under test is fed with a sinusoidal 0.6 A-20 kHz current to insure self-heating. Then, circuit elements are extracted from dynamic measurements of core and winding temperatures. Two n-type thermocouples are placed in contact with the core and winding. A thermocouple data logger is used and connected to a PC to allow dynamic temperature reading and registration. Temperatures are registered for 500 s with a time step of 5 s. Knowing core and winding temperatures dynamic evolution (θ c and θ w ), thermal resistances and capacitances are calculated using (3), where P th is the heat flow. Results are shown in Table I P th = θ R th and
III. SIMULATION AND MODEL VALIDATION
To validate the developed model, a circuit identical to the test bench circuit used for measurements is simulated. The circuit used, is a RL circuit in series with a sinusoidal voltage source. Comparison between measured and simulated B-H curves is presented for different temperatures and frequencies. Results are shown in Figs. 7 and 8 . Fig. 7 shows that the proposed static model despite its simplicity represents well the static behavior of the nanocrystalline material at intermediate temperature (155°C). Fig. 8 shows a good correlation between the measured hysteresis major loop to the simulated one at 25°C and 40 kHz. This demonstrates the accuracy of the dynamic model.
In the aim of testing the magnetic component model reversibility and its accuracy for non-sinusoidal waveforms, a triangular magnetic flux density of 0.5 T is applied. Measured and simulated magnetic fields are compared. The results are shown in Fig. 9 ensuring the model validity for non-sinusoidal waveforms, triangular in particular.
The thermal model is validated by comparing both measured core and winding temperatures with simulated ones for 20 and 40 kHz. Results in Fig. 10 show a good agreement between measured and simulated temperatures evolution as a function of time. Therefore, the proposed thermal model describes completely the self-heating of the magnetic component in both transient and steady states. 
IV. CONCLUSION
In this paper, the development of a temperature-dependent magnetic component model and its implementation in a circuit simulation software are presented. The approach is validated for a nanocrystalline material by choosing the appropriate static and dynamic laws and comparing measured and simulated B-H curves. The results are in a good agreement. Sinusoidal and non-sinusoidal waveforms are tested. A thermal model is also presented and coupled with the magnetic model to consider static and dynamic thermal effects.
Currently, work on other materials is in progress where the same model was convenient for powder cores while ferrite cores only required replacing the static law with a more physical one. Other complex static and dynamic laws could be used to enlarge the validity of the model. Simulation of a complex circuit, like a static converter, including the proposed model is also of interest for future work.
